Electron beam sintering at ambient pressure is demonstrated for the first time, in formation of highly conductive silver patterns composed of silver nanoparticles. Silver nanoparticles were inkjet printed on a plastic substrate, followed by rapid ebeam irradiation, without causing any damage to the substrate. It was found that exposing the printed silver patterns to a dose of 600 kGy yielded a resistivity as low as 4.5 mU cm, which is only 2.8 times higher than that of the bulk silver. The effect of various parameters related to electron energy and penetration depth on the sintering efficiency was evaluated. This finding reveals the applicability of ebeam technology in printed electronics for large-scale, roll-to-roll, high throughput printing processes.
Patterning of electrical circuits by direct printing of conductive inks has gained much attention over recent years, and opened the new eld of printed electronics. [1] [2] [3] [4] [5] Various devices can be fabricated, especially by printing on low-cost exible and stretchable substrates, such as RFID tags, solar cells, transparent electrodes, thin lm transistors, and exible displays, that all have to withstand roll-to-roll (R2R) processes.
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However, conventional patterning methods such as, photolithography, vacuum deposition, and electroless plating, require usually high cost equipment, utilize environmentally undesirable chemicals, results in formation of a large amounts of waste, and are not applicable in R2R processing. 2 Various printing methods, such as gravure, 9 inkjet, 2 screen, 10 and exo, 11 were previously reported for printed electronics, emphasizing the broad availability of 2D and 3D direct printing technologies. This variety of methods was utilized to fabricate various devices and materials such as graphene oxide, 12 organic light-emitting diode, 13 oxide semiconductor, 14 and highresolution 3D printing for electronics. 15, 16 Among the aforementioned printing methods, inkjet printing has many advantages, such as simplicity, low cost equipment and almost zero waste. The fabrication through printing process can be divided into two stages: the rst is printing of a conductive ink, which is a dispersion of metal nanoparticles in a proper solvent, and the second is a post-printing treatment process, usually thermal sintering, for removal of organic stabilizers and enabling sintering of the metal nanoparticles. The most widely used conductive inks are based on silver nanoparticles (NPs), since this metal has high resistance to oxidation and possesses the highest conductivity. 2, 3, 17, 18 However, thermal sintering is not applicable for heat-sensitive low-cost plastic substrates such as polyethylene terephthalate (PET), polyethylene naphthalate (PEN), polycarbonate (PC). Accordingly, in order to develop processes for heat sensitive lms, alternative sintering technologies have been reported, which are based on chemical, photonic, microwave, and plasma post treatment processes, and each of them has its advantages and disadvantages. 3, 19, 20 For viable industrial fabrication, both printing and sintering must be suitable for a large scale production at high throughput.
3 In this paper, we report on a new approach for sintering inkjet printed silver nanoparticles, ebeam (EB) technology, 21, 22 which consists of exposure of the surface to accelerated electrons under atmospheric conditions. Until now, this method has a long standing in the printing and coating industry for curing and lamination of organic reactive liquids, since EB irradiation causes breaking of chemical bonds in organic molecules. Unlike UV curing, in which llers and pigments blocks the radiation and limits light penetration depth, in EB it is only subjected to material density and kinetic energy of electrons, and therefore is very suitable for inks containing high concentration of particles, as in silver based conductive inks, in which the organic stabilizer should be removed to enable sintering of the particles.
It is well known in polymer modication that some polymers tend to degrade (e.g. polypropylene) while other polymers tend to crosslink (e.g. polyethylene and ethylene-vinyl acetate). Stability to electrons is very different from one polymer to the other. The tolerance to electrons can vary by orders of magnitude for various substrates. Electron beam is used actively to modify polymers in packaging to improve their thermal tolerance by crosslinking, while some other polymers show degradation to variable degree. Polymers containing aromatic groups are known to be tolerant to ebeam, while PEN is known to sustain signicant exposure to such treatment, while retaining its properties, and therefore was used as the substrate in the present research.
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The power of EB is a product of both beam current and voltage, where the effective electron current has to be corrected by complex, device-specic transmission factors which are nonlinear. Therefore, it is a common practice to use the dose (which is given in kGy (1 kGy ¼ 1 kJ kg À1 )), and dose-rate as a primary metrics and not the primary emission current of the device since they include all transmission-related correction factors. In the specic application market of printing, it is standard to give these two main parameters as they dene the process, while secondary parameters are oen dependent on machine design and specic to a manufacturer and therefore omitted. Therefore, giving both speed and dose parameters, cover both the integral of energy deposition and the dynamics of power injection into the system. As it is standard with ebeam technology in printing, those two parameters are the main parameters of a treatment recipe as the dose is always given as an absolute value arriving at the surface, inherently correcting for all transmission losses to the substrate. There are two distinctive sets of parameters in atmospheric EB technology: depthdose and dose/dose-rate. The depth-dose curve yields information about the penetration prole and energy deposition atdepth of the electrons. It is closely affected by two factors (1) the primary kinetic energy of the electrons which is given in keV kV À1 (keV refers to the kinetic energy of an electron in an acceleration voltage given by kV), (2) the density of the material to be treated. The primary electrons deposit their energy by means of collisions with the electrons in the target material to yield secondary electrons. Technically, 80 kV is the minimum onset voltage to effectively eject electrons from vacuum to ambient pressure. In industrial roll-to-roll (R2R) processes, lowenergy electron beam (LE-EB) with energies between 80-300 kV are the most common. To estimate the penetration depth for materials of certain density, the empirically-derived KanayaOkayama equation can be used:
where k is a constant; Z and A are the atomic number and atomic mass of the material, r is the density and E 0 the initial kinetic energy of the electrons. For materials of similar composition, the penetration depth is calculated according to eqn (2):
whereas D* is the penetration depth in a material of density r* and D is the penetration depth for density 1 g cm À3 . The dose/ dose-rate in EB is closely related to the amount of energy deposited into a surface and the time needed to do so.
Depending on the particular chemistry, those radicals can lead to a crosslinking ("EB crosslinking") or polymerization of monomer/oligomer mixtures ("EB drying") or to a chainscissioning to lower molecular weight ("degradation"). In organic systems, the dose-rate, i.e. the speed at which the dose is applied, is less dominant in nature, as it does not affect the amounts of radicals created in a volume segment; it mainly affects the kinetics of the subsequent reactions.
With printing metallic inks, no radicals can be initiated by EB exposure due to the band-structure and shared nature of electrons in metals. The main effect upon EB exposure is the decomposition of the organic stabilizers present in the ink, and localized heating of the metal by dissipation of energy. The maximum temperature increase (in absence of heat losses and conduction/convection) can be simply assessed by the heat capacity of the material and the adsorbed dose.
Ag NP inks therefore represent a hybrid system for EB technology. It is well known in polymer modication that some polymers tend to degrade (e.g. polypropylene) while other polymers tend to crosslink (e.g. polyethylene and ethylene-vinyl acetate). A suitably designed organic stabilizer can therefore be efficiently destabilized via EB, and therefore lead to sintering of the metal particles. The deposition of energy to the metal particles themselves induces their sintering as a result of degradation and removal of the organic stabilizer which is present on the particles surface. As suggested by Chen et al., the electron scattering in nanoparticles generates secondary electrons that are responsible for the removal of the organic stabilizers, and assists the sintering of the metals nanoparticles.
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Experimental
Inkjet printing
For printing, a piezoelectric Dimatix DMP-2800 system (DimatixFujilm Inc., USA), equipped with 10 pL cartridge (DMC-11610) was used. The printhead has 16 nozzles each with a diameter of 21 mm. The printing height was set to 1 mm, while using dot spacing of 42 mm (600 dpi). The test pattern contains two-printed layers of three patterns with a line length of 18 mm and width of 500 mm. All of the samples where printed onto heated substrates (60 C), followed by drying at 80 C for 10 min under ambient conditions to remove solvents, prior to irradiation. 
All the experiments were done at a distance of 10 mm between sample and device.
Characterization
A 2-point probe method was used to measure the resistance of the inkjet printed silver lines using a multimeter. The electrical resistivity r of the sintered lines was calculated from the resistance R, line length l, line width W, and line thickness T, using r ¼ RTW l . Elemental analysis was performed using a scanning electron microscope (SEM) (XHR Magellan 400L) equipped with an energy-dispersive X-ray (EDX) probe (Oxford X-MAX, Oxford Instruments). The cross-section micrographs were taken using a focused ion beam system coupled with a scanning electron microscope (FIB-SEM, Helios 460F1, FEI). The specimen surface milling for the cross-section analysis was performed aer selective coating of the surface-of-interest with two layers of platinum, to prevent damaging the sample. The height proles of printed silver lines were measured using mechanical prol-ometer (Veeco Dektak 150).
Results & discussion
The sintering experiments were performed while evaluating various parameters such as electron current remains constant up to roughly 15 mm where it starts to go over into a steep decline: roughly 50 kGy are deposited at a depth of 25 mm while no energy is deposited at 40 mm and beyond. The range between 80-100% of surface dose is usually also referred to as the "plateau region" as a variation of AE10% is not yielding signicant differences in effect and is in the range of beam uniformity of such devices. The effect of various parameters was examined and elucidated as following. First experiments were done under nitrogen (below 200 ppm oxygen level) while xing the voltage to 110 kV, as this gives us higher degree of freedom in the choice of the other parameters. Obviously, the AgNPs layer does not have bulk Ag density, thus the effective density of the layer is dependent on the void space between particles and the packing density of the particles. In this study, the printed layer thickness is less than 1 micron and from Fig. 1 it can be seen that the surface dose is still within the plateau region (80-100% of surface dose). Fig. 2 presents a typical printed sample aer ebeam sintering, and the resistivity of printed silver patterns as a function of calculated dose for various currents at xed speed and various speeds at xed current. At xed current (18 mA, upper curve), decreasing the speed results in an increase of exposure time, yielding higher total doses. As shown, the increase in total dose, leads to a decrease in resistivity of the printed patterns. At constant speed (3 m min À1 , lower curve), increase in current results in increase of energy dose. As shown, increase in current also results in a decrease in resistivity. Both sets of experiments show clearly, that higher energy irradiation leads to lower resistance of the lm, but the conveyor speed has a more signicant effect on reducing the resistance than an increase in current. These results can be explained as follows; the organic stabilizer present on the surface of the silver nanoparticles should be removed in order to enable sintering. A layer of the printed Ag NPs before EB exposure (aer drying most of the solvent) has about 20 wt% carbon, while samples aer EB have only 1-4 wt% carbon (analyzed by EDS) because of decomposition of organic matter.
The exposure to EB results in two effects, the rst is the chemical decomposition of the organic stabilizer, and the second is thermal welding of NPs as a result of kinetic energy transformation to thermal energy.
At the next step we studied the effect of voltage which is expected to affect the penetration depth. Fig. 3 shows the resistance of silver patterns as a function voltage, in the range of 110-200 kV. As seen, the resistivity drastically decreases with the increase in voltage up to 160 kV, and then remains virtually constant at higher voltages. It should be noted that 80 kV and 100 kV were also tested, but very scattered values were obtained, with an average of 1200 mU cm. This observation is not clear yet, since based on Fig. 1, 80 kV should enable full penetration within less than 1 mm thickness (more than 90% of the surface dose is still achieved).
Aer examining the effect of the conveyer speed, current and voltage on the patterns resistance, we performed further evaluation to obtain the highest conductivity of the printed patterns as function of the irradiation dose. Based on the previous ndings, the speed was xed to 3 m min
À1
, and the voltage was xed to 200 kV (as the results scattering is lower than in 160 kV). As presented in Fig. 4 , the resistivity drastically decreases as the dose increases from 100 to 200 kGy, and then smoothly decreases at higher doses. The lowest resistivity, 4.5 mU cm, was obtained at 600 kGy, corresponding to 37% of the conductivity of bulk silver. This result is very high for printed patterns on plastics, at such high conveyer speed (600 kGy was obtained by repeated exposures). It should be noted that increasing the dose above a total dose of 600 kGy did not yield better conductivities. Fig. 4 presents the effect of the applied dose on the lm morphology. As seen, the particles prior to ebeam radiation are very distinguished from each other, while in samples aer applying doses of 200, 400 and 600 kGy there are many necks between the particles, along with new, much smaller particles. It should be noted that although the resistivity of patterns sintered at 200 and 600 kGy differ signi-cantly, the morphological change is not obvious. The presence of newly formed smaller particles was also observed by Chen et al. for gold particles, who attributed this to electron-stimulated desorption of gold atoms.
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The thickness of the patterns was measured using both mechanical prolometer and cross section imaging, indicating thickness of 320 AE 30 nm. Fig. 5 presents the top layer and cross section of silver pattern which was exposed to 600 kGy showing that the silver nanoparticles layer is considerably sintered which explains the high conductivity. For the cross section analysis (Fig. 5B) , focused ion beam (FIB) was used for the milling. By this method, gallium ion beam is used for the milling process, however, it cannot be used directly on the sample surface as it may cause damage and thus affect the particles morphology. In order to prevent this, the common practice is to deposit Pt on the area of interest for protection.
27
This is done by depositing of two Pt layers, the rst by mild decomposition of Pt complexes using electron beam to form , respectively dashed line belongs to bulk resistivity of silver). Down: SEM micrographs of silver ink before sintering (after drying), and after sintering at 200, 400, and 600 kGy. rst Pt layer, followed by decomposing Pt complexes with gallium ions to form highly condensed second Pt layer. The elemental analysis of the layers within the cross section is presented in Fig. S1 . † In traditional printing and curing with electron beam, the reaction pathway in N 2 or air atmosphere is fundamentally different. In ebeam curing, nitrogen is typically used as a blanketing gas upon oxygen inhibition, but for the sintering of silver particles it is not required. Since slight oxidation of the silver could occur, we evaluated the effect of nitrogen atmosphere. The results presented in Fig. 6 show that although the resistivities under air are at same order of magnitude as those in nitrogen, the results scattering for sintering under nitrogen were much narrower. This might be due to possible oxidation of silver under air. It should be mentioned that there are certainly more angles to explore on the effects of atmosphere on the sintering of Ag inks and removal of the stabilizing agents.
For comparison with traditional thermal sintering, further experiments were done by printing the same patterns with same number of layers on PEN and drying for 10 min at 80 C. The sintering was done in an oven under ambient conditions for 30 min at various temperatures (Fig. S2 †) . It was found that the samples sintered at 140 C (7.8 AE 0.8 mU cm) and at 160 C (2.0 AE 0.1 mU cm) are characterized by half and twice of the conductivity of ebeamtreated sample obtained at dose of 600 kGy, respectively. SEM micrographs of thermally sintered silver ink is presented in Fig. S3 . †
Conclusions
In summary, to the best of our knowledge, this is the rst report on applying ebeam for obtaining inkjet printed electrical conductors for printed electronics. Flexible printed electronics requires methods and materials, which are suitable for low cost substrates such as PEN and PET. The EB technique was found to enable printing of conductive patterns on PEN substrate without damaging it, at a conveyer speed, which is suitable for typical industrial roll-to-roll processes. Various beam parameters under both nitrogen and air were evaluated and electrical conductivity as high as 37% of bulk silver was obtained at optimal ebeam-sintering conditions. Thus, the application of high-power beams of accelerated electrons may be very effective for implementing in printed electronics for R2R processing. 6 The resistivity of the silver patterns as a function of the doses at fixed voltage and conveyor speed (200 kV and 3 m min À1 , respectively) for samples treated in nitrogen atmosphere and in air.
